Background and Aims-Helicobacter pylori colonises the stomach in half of all humans, and is the principal cause of gastric cancer, the second leading cause of cancer death worldwide. While gastric cancer rates correlate with H. pylori prevalence in some areas, there are regions where infection is nearly universal, but rates of gastric cancer are low. In the case of Colombia, there is a 25-fold increase in gastric cancer rate in the Andean mountain (high risk) region compared to the coastal (low risk) region, despite similarly high (~90%) H. pylori prevalence in the two locations. Our aim was to investigate the ancestral origin of H. pylori strains isolated from subjects in these high and low risk regions and to determine whether this is a predictive determinant of precancerous lesions.
INTRODUCTION
Helicobacter pylori, a bacterium infecting half of the world's population, is a causative agent of gastric and duodenal ulcers, and gastric cancer [1, 2] , and is classified as a Class I carcinogen [3] . The precursor lesions leading to development of gastric carcinoma are sequential from chronic active non-atrophic gastritis to multifocal atrophic gastritis, intestinal metaplasia, and dysplasia [4, 5] . The outcome of the infection is determined by features of the pathogen in combination with both environmental and host factors [6] . For example, cagA + and vacA s1m1 genotypes have been correlated with an increased risk for gastric cancer, which increases further in some populations in the presence of certain host gene polymorphisms [7] [8] [9] . An important feature of the infection is the induction of oxidative DNA damage in gastric epithelial cells, which has been strongly linked to carcinogenesis [10, 11] . Gastric cancer rates correlate with H. pylori prevalence rates in some areas of the world, but this relationship is not consistently observed [12] . An "African Enigma" has been described in which nearly 100% of the population in Africa is infected, but the rates of ulcers and cancer are quite low [13] . In Latin America, geographic differences in gastric cancer rates have been documented, despite similarly high H. pylori prevalence in different regions [14] . This has been well described in Colombia, where in the state of Nariño, inhabitants of the high altitude Andes mountains have very high incidence rates of gastric cancer estimated to be 150/100,000 people per year compared to 6/100,000 inhabitants of the Pacific coast, despite the fact that the two locations are only 200 km apart [15, 16] . Furthermore, the prevalence of advanced gastric precancerous lesions is higher in persons from the Colombian mountain region than in those from the coast [17] .
There are striking ethnic differences between the mountain region with a high risk (HR) of gastric cancer and the coastal region with a low risk (LR) of gastric cancer. People living in the mountains are mostly "Mestizos" of Amerindian descent with European admixture, dating from the Spanish colonisation period, whereas people living in the coastal region are predominantly "Mulattos" of mixed African and European ancestry [18] . Although strainspecific variations in H. pylori genetic content have been implicated in gastric carcinogenesis [7] [8] [9] , the prevalence of cagA + vacA s1m1 H. pylori strains in the LR region of Colombia is only slightly (13%) lower than in the HR region [17] , and this difference in strain characteristics is not sufficient to account for a 25-fold difference in cancer rate. We hypothesised that other bacterial factors are determinants of gastric cancer risk. To determine whether there are fundamental differences in H. pylori isolates from the LR versus HR regions, we analysed the ancestral haplotypes of these strains.
MATERIALS AND METHODS

Human Subjects
Males with dyspeptic symptoms who were 39-60 years of age and underwent upper gastrointestinal tract endoscopy, were consecutively recruited in 2006 in two public hospitals from two areas with contrasting gastric cancer risks in the State of Nariño, Colombia. The selection of male subjects for this study was based on findings that rates of gastric cancer are two-fold greater in males compared to females worldwide and in Colombia specifically (http://globocan.iarc.fr), and previous data that this difference occurs in Nariño [19] . The high risk (HR) Andean mountain region included the city of Túquerres and the low risk (LR) region on the Pacific coast was based in the city of Tumaco. People from the LR coastal region are of Mulatto ethnicity and people from the HR Andean region are Mestizos [18, 20, 21] . Data regarding diet in subjects from these two regions have been previously reported [20] , and current smoking status was recorded. Exclusion criteria were previous gastrectomy, serious chronic diseases, or ingestion of any of the following in the 4 weeks prior to the endoscopic procedure: H 2 receptor antagonists, proton pump inhibitors, or antimicrobials. Endoscopies were performed by the same experienced gastroenterologist in both enrollment sites. Gastric mucosal biopsy samples were obtained from the antrum, incisura angularis, and corpus, and embedded in paraffin for histology. Two additional biopsies, one from antrum and one from corpus were immediately frozen in glycerol and thioglycolate for H. pylori culture. The samples were shipped on dry ice to Vanderbilt University (Nashville, TN, USA) for analysis.
From 89 subjects that were enrolled, there were 81 subjects from whom H. pylori could be isolated that were included in this study. Forty-two individuals (51.3%) were residents of Túquerres, in the Andes Mountains, where the gastric cancer incidence is high, and 39 (48.7%) were residents of Tumaco, on the Pacific coast, where the gastric cancer incidence is low [15, 16] . Pathologists who scored the biopsies were blinded regarding geographic origins of the subjects, as well as H. pylori genotype and phylogeny. Ethics committees of the two local hospitals and of the Universidad del Valle in Cali, Colombia, as well as the Institutional Review Board at Vanderbilt University approved the protocol for this study. All participants provided informed consent.
Isolation and culture of H. pylori strains
Biopsy specimens from antrum and corpus were each homogenised under sterile conditions in 100 μL of sterile phosphate-buffered saline (PBS, pH 7.4) using a homogeniser (KimbleKontes). Homogenates were plated onto selective Trypticase soy agar (TSA) with 5% sheep blood, containing vancomycin (20 mg/L), bacitracin (200 mg/L), nalidixic acid (10 mg/L) and amphotericin B (2 mg/L) (Sigma-Aldrich), and 1:10 dilutions were plated on TSA plates (BBL; LABSCO) with no antibiotics. Agar plates were incubated under microaerobic conditions (6% O 2 , 6% CO 2 and 88% N 2 ; Campy Pak Plus envelope, BBL) at 37°C for 4 to 8 days until small grey translucent colonies appeared. Gram stains and assays for oxidase and urease were performed to confirm bacteria as H. pylori. Colony morphology was consistent with the characteristic shape of H. pylori colonies. Swabs and single colonies were used for DNA extraction.
H. pylori DNA extraction and genotyping
DNA was extracted from bacterial pellets using Gentra Puregene reagents, according to the manufacturer's instructions (Qiagen). Quantification of DNA from all strains was performed spectrophotometrically. The primers used to amplify the 3′ region of the cagA gene were CAG1 and CAG2 [22] , resulting in generation of fragments varying from 591 to 856 bp. To amplify vacA s regions, primers VA1F and VA1R were selected, resulting in generation of fragments of 259 bp for the type s1 variants or fragments of 286 bp for type s2 variants [23] . For the detection of the m region of the vacA gene by PCR, a mixture of four forward primers, MF1.1, MF1.2, MF1.3, and MF1.4, and one reverse primer MR1, was used, resulting in amplification of fragments of 107 bp for m1 or 182 bp for m2 strains [24] .
Histopathology score
The global diagnosis for each subject was determined independently by 2 pathologists (P.C. and M.B.P.) based on all gastric biopsies from antrum, incisura angularis, and corpus, according to the updated Sydney system for gastritis, including the degree of inflammation, atrophy, and intestinal metaplasia using the recommended visual analogue scales [25] and the Padova International Classification for dysplasia [26] . Global diagnoses were scored on an ordinal scale from 1 to 6, as follows: 1, mild to moderate non-atrophic gastritis; 2, severe non-atrophic gastritis; 3, multifocal atrophic gastritis without intestinal metaplasia (MAG); 4, intestinal metaplasia (IM); 5, dysplasia; and 6, carcinoma. Degrees of inflammation (acute and chronic) were used to determine scores in cases with only non-atrophic gastritis.
In addition, we used a detailed histopathology scoring system to quantify differences in morphological variables within each global diagnosis category, which we have shown to be a sensitive and reliable system in a long-term follow-up of patients treated for H. pylori infection [27] . This system assigns numerical values to the severity of the atrophic nonmetaplastic changes, the extent and type of intestinal metaplasia (representing the proportion of complete and incomplete types) and the severity of the dysplastic changes. We used this system, because increased severity of gastric atrophy is associated with greater cancer risk [28] , the incomplete type of intestinal metaplasia (IM) carries a higher risk than the complete type [29, 30] , and the histological grade of dysplasia correlates with gastric cancer risk [26] . The multifocal atrophic gastritis (MAG) score (3) was modified, adding the following values: indefinite for atrophy (0.25), mild (0.50), moderate (0.75), and severe (1.0). The IM score (4) was modified according to type and extension. Four different IM types were defined: complete type (0.1), mixed predominant complete type (0.2), mixed predominant incomplete type (0.3), and incomplete (colonic) type (0.4). Periodic acid Schiff/Alcian blue and high iron diamine/Alcian blue stains were used for the assessment of the type of IM [27] . For the extension of the IM, each biopsy was also scored according to the area of the histological section with IM, in a 0-3 scale as follows: negative for IM, < 30%, >30 to 60%, and >60%, respectively. The mean extension of the IM (calculated using the total number of biopsies per subject) was grouped by tertiles. Each tertile was given a value: 0.2, 0.4, or 0.6, respectively. In order to obtain a total score for IM, values for type and extension were added to the original score for IM (4) . The dysplasia score (5) was modified adding the following values: indefinite (0.25), low grade (0.50), and high grade (0.75). This augmented histopathology score, rather than the global diagnosis, was used for statistical analyses.
We utilised the Operative Link for Gastritis Assessment (OLGA) scoring system [31] for our histologic sections as an alternative method in order to confirm our findings. The OLGA system uses the respective antral and corpus updated Sydney scores for atrophic gastritis and categorises patients into stages 0-4 based on the distribution and severity of atrophy (with or without metaplasia).
8-OHdG staining
Tissue sections from the biopsies exhibiting the most advanced histologic lesion from each case were selected for 8-hydroxy-2′-deoxyguanosine (8-OHdG) staining. Paraffin-embedded tissues were deparaffinised and antigen retrieval was performed as described [18] . Sections were incubated with a mouse monoclonal anti-8-hydroxy-2′-deoxyguanosine antibody at a dilution of 1:4000 (Abcam) overnight at room temperature. After washing, incubation with biotinylated secondary antibody (dilution 1:1000) was performed for 30 minutes. Sections were rinsed and incubated with streptavidin-horseradish peroxidase (Biocare Medical) for 30 minutes. Diaminobenzidine (Sigma-Aldrich) was used as a chromogen, and the tissues were counterstained with hematoxylin [18] . 8-OHdG staining was quantified by a pathologist unaware of the origin of the specimens, as the number of positive epithelial nuclei/100 cells in each of the superficial, neck, and deep regions of the glands to yield a 0 -300 score; data were expressed as % of positive nuclei.
Multi-locus sequence typing (MLST) analysis
Fragments of seven unlinked housekeeping genes (atpA, efp, ureI, ppa, mutY, trpC and yphC), ranging from 398 to 627 bp per gene, were PCR-amplified from each Colombian H. pylori strain, using a high fidelity Taq polymerase (Invitrogen), and sequenced on both strands [32] [33] [34] . In addition, corresponding sequences from 380 globally-distributed H. pylori isolates, previously assigned to one of seven H. pylori ancestral haplogroups [34] , were retrieved from an MLST database (http://pubmlst.org/helicobacter). Concatenated nucleotide sequences were aligned using MUSCLE [35] . Phylogenetic analyses were conducted in MEGA4 [36] using the Kimura 2-parameter model of nucleotide substitution and neighbour-joining clustering, with all partitions containing gaps eliminated from the final data set of 3401 positions. Branches of the phylogeny corresponding to partitions reproduced in fewer than 50% of the bootstrap replicates are collapsed. Interior branch bootstrap values were significantly high, indicating correct branch topology within clades. Phylogenetic trees were drawn to scale with branch lengths corresponding to the evolutionary distances used to infer the tree.
Statistical analyses
For analysis of phylogenetic distributions, Fisher's exact test was used. For analysis of histopathology scores and 8-OHdG staining, normality testing was performed, and since data were normally distributed, a generalised multivariate linear model with a Gaussian link was built to analyse the dependent variables of histopathology and DNA damage scores based on the independent variables of the MLST results and the geographic risk region, after adjusting for age. Means are listed ± a 95% confidence interval, with corresponding p values when comparisons were made. STATA ® 11 (StataCorp LP) was used for all computations.
RESULTS
H. pylori Colombian strains segregate into two phylogenetic groups
To analyse the phylogeographic origin of H. pylori isolates, we employed MLST, which is based on analysis of the sequences of housekeeping genes and has been previously used to assess phylogenetic relationships of H. pylori strains from different parts of the world [32] [33] [34] . A total of 89 age-matched adult male subjects were included in the study, 44 from the LR region and 45 from the HR region (table S1); 81/89 of these persons were positive for H. pylori in gastric biopsies by culture detection. By genotype analysis, 64 of these 81 isolates were positive for cagA and vacA s1m1 (35 HR, 29 LR; tables S1,S2), two virulence factors strongly associated with gastric cancer [7] [8] [9] . We therefore focused on the 64 cagA + vacA s1m1 strains. Phylogenetic relationships among the 64 sets of concatenated housekeeping gene sequences were analysed (figure 1A). We identified two distinct groups of strains: Group 1 (20 strains), which were all from the LR region; and Group 2, which included all of the isolates (35/35) from the HR region, and the remaining 9 isolates from the LR region (p<0.0001 for group segregation; figure 1B ).
H. pylori strains from the HR region are all of European phylogeographic origin
We then performed a second MLST analysis, using sequences from the 64 Colombian strains plus those from 380 reference strains, which have previously been classified into distinct ancestral haplogroups [34] . The resulting neighbor-joining tree (figure 2A) demonstrated that H. pylori strains from Colombia are classified exclusively as either hpEurope or hpAfrica1, and no strains were classified as hpEAsia (hspAmerind or hspEAsia). Notably, 35/35 (100%) of the isolates from the HR region were classified as hpEurope. Among strains from the LR region, 10/29 (34.5%) were classified as hpEurope, while the remaining 19 were classified as hpAfrica1 (3 hspSAfrica, 16 hspWAfrica) . Thus, all of the Colombian strains classified as hpAfrica1 were from the LR region. The MLST classification of isolates was strongly associated with the geographic origin of the strains within Colombia (p<0.0001; figure 2B) . Notably, segregation of the Colombian strains within the context of the reference strains mirrored the findings when only the Colombian strains were analysed, since 19/20 (95%) of the strains in Group 1 (figure 1) were classified as hpAfrica1 (figure 2) and 44/44 (100%) of the strains in Group 2 (figure 1) were classified as hpEurope (figure 2).
We also performed MLST analysis on the 17 remaining strains that were not cagA + vacA s1m1 (table S2). All of the cagA − strains were classified as hpEurope. When the additional strains were included in the analysis along with the 64 cagA + vacA s1m1 strains, we found that all 41 strains (100%) from the HR region were classified as hpEurope, and the majority (56%) of strains from the LR region were classified as hpAfrica1. Thus, when all strains were considered, there was still a striking difference in the MLST classification of isolates from the HR region compared to the LR region (p<0.0001).
H. pylori strains of European phylogeographic origin are associated with more advanced histologic lesions
We assessed disease progression in subjects from whom strains were cultured, by scoring gastric biopsies with a validated scoring system that is based on the updated Sydney System, and the Padova classification, and includes the type and extent of histologic lesions observed [25] [26] [27] . Histologic damage was analysed with a linear multivariate model. Subjects from the HR region had more advanced lesions (mean 3.9, 95% CI 3.6-4.2) than subjects from the LR region (mean 3.2, 95% CI 2.9-3.6, p=0.016; figure 3A ). When scores were analysed based on the MLST classification of H. pylori strains (figure 3B), an even greater difference in severity of pre-malignant histologic disease progression was detected (mean 3.9, 95% CI 3.6-4.2 for subjects with hpEurope isolates versus mean 2.9, 95% CI 2.5-3.3 for subjects with hpAfrica1 isolates, p=0.001). Because the European group included isolates from both the HR (mountain) and the LR (coastal) region, these findings raised the question of the relative importance of phylogeny versus geographic origin of isolates as predictors of clinical outcome of H. pylori infection. We therefore compared three groups: LR region hpEurope, LR region hpAfrica1, and HR region hpEurope ( figure 4A ). Within the LR region, individuals infected with hpAfrica1 strains had less advanced lesions (mean 2.9, 95% CI 2.5-3.3; figures 4A, 4B) than subjects infected with hpEurope strains (mean 3.9, 95% CI 3.3-4.4; p=0.032; figures 4A, 4B). The histopathology scores (figure 4A) were similar when comparing subjects from the LR region and HR region (figure 4B) who harboured hpEurope strains (HR hpEurope mean 3.7, 95% CI 3.4-4.1; LR hpEurope mean 3.9, 95% CI 3.3-4.4).
We also analysed all the gastric tissues in our study with the OLGA system [31] for assessing atrophy and intestinal metaplasia. In accordance with the results obtained with our histologic scoring system, the subjects from the HR region had a higher mean OLGA stage than the subjects from the LR region (figure S1A), and the subjects infected with hpEurope strains had a higher mean OLGA stage than those infected with hpAfrica1 strains (figure S1B). Within the LR region, the subjects infected with hpAfrica1 strains had a lower mean OLGA stage than persons infected with hpEurope strains, and the latter group was not significantly different compared to the group from the HR region infected with hpEurope strains (figure S1C).
H. pylori strains of European phylogeographic origin are associated with more DNA damage in gastric epithelial cells Induction of DNA damage has been shown to be an important step in the carcinogenic process in H. pylori infection, and oxidative DNA damage can result from inflammatory events occurring during this infection [10, 11] , in addition to direct generation of oxidative stress within gastric epithelial cells [37] . DNA damage was therefore assessed by immunohistochemistry using an antibody directed against the oxidative DNA damage marker 8-hydroxy-2′-deoxyguanosine (8-OHdG), followed by scoring of positively-stained epithelial nuclei. Using a multivariate linear model, we determined that biopsies from subjects in the HR region exhibited more 8-OHdG-positive cells (mean 45.6%, 95% CI 38.5-52.8%) than those from the LR region (mean 31.2%, 95% CI 23.5-38.4%; p=0.009; Fig. 5A ). A greater difference was detected when all persons infected with hpEurope strains (mean 46.0%, 95% CI 40.1-51.9%; figure 5B ) were compared to those infected with hpAfrica1 strains (mean 22.7%, 95% CI 13.4-31.9%; p=0.001; figure 5B ). Within the LR region, persons infected with hpAfrica1 strains had less 8-OHdG-positive cells (mean 22.7%, 95% CI 13.3-32.1%) than those infected with hpEurope strains (mean 45.2%, 95% CI 33.0-57.4%; p=0.007; figure 6A, 6B). Amongst subjects harbouring European strains, the number of 8-OHdG-positive cells in the biopsies from the subjects in the HR region (mean 46.2%, 95% CI 39.5-53.0%) was not different from the number of positive cells from those in the LR region (mean 45.2%, 95% CI 33.0-57.4%; figure 6A, 6B).
DISCUSSION
Our findings that inhabitants of the Andean region of Colombia were all colonised by hpEurope strains and that individuals living on the Pacific coast were infected with strains of European or African ancestry, with the latter predominating, suggest that Mestizos from the HR mountain region have lost their ancestral Amerindian strains, and that the Mulattos of the LR coastal region [18, 20, 21] , still carry H. pylori strains from their African ancestors brought to the New World during the slave trade. Amerindians are hypothesised to have been infected originally with hspAmerind strains that are part of the hpEAsia group [34] , but the Mestizo subjects in the Andean region in our study were exclusively infected with hpEurope strains, suggesting that hpEurope strains possess a competitive advantage compared to indigenous hspAmerind strains. In a study of 22 Mestizos from Colombia and Venezuela, subjects harboured only hpEurope and hpAfrica1 strains [38] , but the relationship between MLST classification of strains and cancer risk parameters was not assessed. It has been reported that humans can be colonised with more than one H. pylori strain [39, 40] . However, when we tested for bacterial genetic diversity using PCR with enterobacterial repetitive intergenic consensus sequence primers, we found that in all cases randomly selected for analysis (n=28), colonies isolated from antrum and corpus for each subject possessed the same DNA fingerprint. In addition, in all of the 12 cases that were further studied, 4 colonies (2 from antrum and 2 from corpus) were all identical.
We have shown that as expected, persons from the HR region have more histologic and DNA damage than those from the LR region. The data presented herein suggest that these findings are attributable to differences in the phylogeographic origin of the strains harboured by these subjects. In accordance with this concept, we have studied 10 strains from each of the risk regions cocultured with gastric epithelial cells, and found a significant increase in oxidative DNA damage (measured by flow cytometry for 8-oxoguanosine [37] ) with the HR versus LR strains; similarly, we also detected increased DNA damage in cells infected by hpEurope strains compared to hpAfrica1 strains (data not shown). These data support our hypothesis that H. pylori strains from the two different risk regions exhibit substantial differences in pathogenicity that relate to their phylogeographic origin.
Our findings are in distinction to previous considerations that in addition to ethnic differences, the high altitude and starch-based diet in HR regions compared to the low altitude and seafood-based diet in LR regions may explain differences in gastric cancer rates in Latin America [18] . Our group has recently reported that there are currently no significant difference in household condition index, crowding, vitamin supplement consumption, salt intake, and smoking status between the LR and HR regions [20] , indicating that these are not confounding variables in our study. Furthermore, we have analysed our data based on smoking history [20] , and have found that histopathology score and 8-OHdG staining were not different between smokers and non-smokers. In the LR region, where inhabitants are infected with either hpAfrica1 strains or hpEurope strains, we have shown that the divergence in H. pylori genetic features, as reflected by strain phylogeographic origin, is a very important factor that could explain the distinct patterns of pre-malignant histologic injury and oxidative DNA damage that we observed. Because the subjects in the LR region are ethnographically similar, but their gastric tissues exhibited a significant increase in the frequency of atrophy, intestinal metaplasia, and dysplasia if they were infected with hpEurope strains rather than hpAfrica1 strains, this suggests the importance of phylogeographic strain origin. However, host genetics may also have an effect, and to this end we intend to investigate the mitochondrial DNA of Colombian subjects from the LR and HR regions in future studies.
It has been reported that there is a strong association between the presence of the cag PAI or the vacA s1m1 genotype and an increased likelihood of developing gastric cancer in Latin American populations [41] . Consistent with this, we found that patients in this study who were infected with cagA − strains (tables S1, S2) had very low histopathology scores with non-atrophic gastritis only (data not shown). Interestingly, all of the cagA − strains in this study were classified as hpEurope (table S2) . The histologic comparisons in the current study focused on subjects who were infected with cagA + vacA s1m1 strains, because including the cagA − strains would be a confounding factor. Importantly, we have demonstrated that among subjects all harbouring cagA + and vacA s1m1 strains, there are large differences in histologic disease progression and epithelial DNA damage that correlate with the MLST type of the strains. This provides evidence that other genetic characteristics of the strains (besides the cagA and vacA status) are strongly associated with disease risk. Our phylogenetic data provide a new strategy for stratifying risk, and should serve as a foundation for studies searching for specific H. pylori genetic factors, that vary between strains of European versus African origin in order to gain insights into gastric carcinogenesis. We expect that next generation sequencing technology used for whole genome sequencing of H. pylori could be a useful future approach to identify specific determinants of cancer risk.
For Summary Box
What is already known about this subject?
▶
Helicobacter pylori is the main causative agent for peptic ulceration and gastric cancer. 
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